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Saturn Thermospheric Temperature and Inferred Heating Rate
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Globally averaged, inferred column heating rate FH = 0.17 
ergs cm-2 s-1  or 7.6 TW total for Saturn 
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Saturn Model Temperature Profiles

Temperature (K), blue (theory FH = 0.2), red (model data density fit)
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Blue curve: FH = 0.15 erg cm-2 s-1, 
required solar EUV medium flux 
absorbed in thermosphere, average 
at equator by 1/π and assumed equal 
IR cooling at mesopause. Peak heating 
at z = 1260 km, where pressure is ~ 2.7 
nbar, with peak cooling at z = 967 km, 
40 nbar. Actual averaged 
absorbed solar 
        EUV flux =   0.016 erg cm-2 s-1 
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Saturn Model Heating and Cooling Rates Profiles to fit data

Heating rate (red); Cooling rate (blue) (erg cm-3 s-1)  
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Red curve: FH = 0.15 erg cm-2 s-1 , required solar 
EUV medium flux absorbed in thermosphere, average 
at equator by 1/π and assumed equal IR cooling 
at mesopause (blue). Peak heating at z = 1220 km, 
          where pressure is ~ 2.7 nbar, with peak 
   cooling at z = 967 km, 40 nbar. 
          Actual averaged absorbed 
     solar EUV flux 
         = 0.016 erg cm-2 s-1  
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Summary of Thermospheric Power Sources and Inferred Heating Rates 

Quantity (TW) Jupiter Saturn 
Solar UV Input 2.4 0.73 
Particle Power 
Input 

30 0.2 

Joule Heating  1,000 10 
Inferred Total 
Heating Rate 

35 7.6 

Maximum 
Gravity Wave 
Power (heating) 

27 6 
(2.4) 

Joule/Ion-neutral heating 
 rate (column integrated) 

Global heating rates: EUV: 0.6, Joule: 5.8 TW 









THERMOSPHERIC GRAVITY WAVE HEATING 
• With appropriate values for the input parameters, µ, g, 

and cp/R, the maximum gravity wave energy fluxes in 
isothermal region is 0.13 erg cm-2 s-1, for Saturn and 
would be marginal even if 100% of energy flux were 
converted to heat, because the maximum gravity wave 
energy flux would have to supplied all the time, 
everywhere over the entire planet. 

• Estimated heating 
        efficiency is 
•   
• thus the maximum integrated heating rate would be ~ 

0.053 erg cm-2 s-1, too low by at least a factor of 3, if 
wave heating were global and continuous.  
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Note ½ tumble density log 9.882 
H2 cm-3  = 2.52 e-11 kg m-3  
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Saturn Number Density Profiles at Equator

Number density (cm^-3) K = 3 e6,solid; 1.5 e7, dashed; 6 e7, dash-dot; (cm^2/s)
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Solid line: Kzz = 3 x 106 cm2 s−1 

Dashed line: Kzz = 1.5 107 cm2 s−1 

Dash-dot line: Kzz = 6 x 107 cm2 s−1  

½ tumble density radius 
at equator 
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Saturn Thermospheric Airglow 
• Airglow is dominated by H2 electronic bands, the He 

58.4 nm line, the H Lyman line series, and H3
+ near-

IR bands.  
• It should be kept in mind that calibration in the 

EUV/FUV had been a long-term problem for space-
borne spectrometers. In addition, the low spectral 
resolution of the Voyager UVSs and “no resolution” 
of the Pioneer 10 photometer made interpretation 
of the data difficult. 

• Thus one looks to HUT, HST, and UVIS for high 
spectral resolution, well-calibrated data. 



H2 Electronic Bands 
• Surprisingly large H2 EUV/FUV dayglow intensities 

observed by Voyager were finally explained by Liu and 
Dalgarno (1996) as solar-induced H2 fluorescence which 
creates a spectrum distinctly different from electron 
impact on H2, because most of the fluorescing photons 
originate from the          state in the v = 6 vibrational 
level and J = 1 rotational level plus photoelectron 
impact on H2. The strongest fluorescence is due to the 
solar Lyman-β line at 102.572 nm, ∼14% of the total, 
which is coincident with the P(1) line of the Lyman 6-0 
band at 102.593 nm. 

1
uB +Σ







H Lyman α 121.6 nm 
• Atomic hydrogen above the CH4 absorbing region can efficiently resonantly scatter 

the strong solar Lyman-α line, which is broad with a line width of ∼0.1 nm, 
characteristic of line formation in a region of the solar atmosphere at ∼104−5 K. 
The intrinsic planetary line width is determined by thermospheric temperatures, 
which range from 400 to 550 K. The H column density above the absorbing CH4 
region coupled with the planetary line width determines what fraction of the solar 
line may be resonantly scattered. While the scattering optical depth at line center 
can be very large—up to 105—it does not extend out to the wings of the solar line, 
due to the mismatch of line widths indicative of their respective line formation 
temperatures. This combination of very optically thick at line center and very thin 
in the wings yields the observed center-to-limb behavior. 

• Voyager UVS: 1.5 to 3.3 kR implies H column densities ~ 3-9 x1016 cm-2 above the 
absorbing CH4. Ben Jaffel et al. Icarus, 113,91, 1995 solution was resonance and 
Rayleigh scattering of solar line ~ -1.5-2.7 kR, ISM ~ 0.45 kR with 3-9 x1016 H cm-2 ; 
with only the higher column density yielding > 3 kR 

• Gustin et al., Icarus, 210, 270, 2010 give Voyager V1: 1.9, 2.5 kR; V2: 1.8 kR; from 
UVIS limb scan, the peak brightness is 0.8 kR with average over scan of 0.44 kR.  
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Number density (cm^-3) K = 3 e6,solid; 1.5 e7, dashed; 6 e7, dash-dot; (cm^2/s)

R
ad

ia
l D

is
ta

nc
e 

(k
m

) a
t E

qu
at

or

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 0, 

ndnp 1, 

106

ndnp 5, 

106
, 

ndnp 9, 

106
, 

ndnp 2, 

106
, 

ndnp 6, 

106
, 

ndnp 10, 

106
, 

ndnp 3, 

106
, 

ndnp 7, 

106
, 

ndnp 11, 

106
, nHnp, 

Solid line: Kzz = 3 x 106 cm2 s−1 

Dashed line: Kzz = 1.5 107 cm2 s−1 

Dash-dot line: Kzz = 6 x 107 cm2 s−1  

½ tumble density radius 
at equator 



Liu et al.  
Advances in  
Geosciences, 
Vol. 19, 2010.  



Exobase n(H) = 1 e5 cm-3 

Exosphere H column 
Density = 3.8 e12 cm-2 
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For V2 solar maximum 
Conditions, Ly-α flux 
= 6.8 x 1011 photons 
cm-2 s-1 at 1 AU 



He 58.4 nm 
• The interpretation of the He I 58.4 nm line requires accurate 

knowledge of the [He]/[H2] ratio, temperature, and vertical mixing 
at and above the homopause, all uncertain to various degrees. 
Fundamentally, planetary He absorbs solar He I 58.4 nm radiation 
and reemits/scatters with a probability equal to 0.9989. The 
amount of scattering (i.e. brightness) depends on the atmospheric 
temperature for planetary line width, and the He column density 
above the unit optical depth due to absorbing H2. 

• Voyager UVS V1: 2.2 ± 0.3 R; V2: 4.2 ± 0.5 R  (V1: 3.1 ± 0.4 R) 
• Parkinson, Ph. D. thesis, York Univ., 2002 performed the most 

recent analysis of the Saturnian He 58.4 nm line brightness for 
Voyager UVS. Constrained by Voyager IRIS [He]/[H2] mixing ratio ~ 
0.03 and UVS occultation data, he required  Kzz > 109 cm2 s−1 and 
with a solar [He]/[H2] mixing ratio ~ 0.13, Kzz > 2 x107 cm2 s−1  for 
V1 and Kzz > 108 cm2 s−1  for V2. 

• Cassini UVIS ?? 



H3
+ near-IR bands.  

• The H3
+ ion plays the fundamental role of the thermospheric 

thermostat for the giant planets in a manner similar to NO in the 
Earth’s thermosphere. The near-IR H3

+ emissions are the principal 
means of remotely sensing portions of their ionospheres.  The H3

+ 
v2 band, between 3.4–4.1 microns, is mostly thermal emission and 
hence is a measure of the H3

+  column density and the temperature 
of the region of the atmosphere where H3

+ is an abundant ion. 
• As it is near-IR emission, elevated temperatures and ionospheric 

densities are required for detection in the dayglow.  From the Wien 
displacement law, peak blackbody radiation at 4 microns occurs at 
750 K and at 1000 K for 3 micron radiation. Saturn’s low and mid-
latitude thermosphere is colder (∼400-500 K) with fewer H3

+ ions 
and thus H3

+ thermal emission can only be detected in hotter (~ 
550 K) polar regions. 
 



1 10 7−
× 1 10 6−

× 1 10 5−
× 1 10 4−

× 1 10 3−
× 0.01 0.1 1

1

1.005

1.01

1.015

1.02

1.025

1.03

1.035

1.04

1.045

1.05
Normalized Number Density Profiles

Normalized Number Density

R
ad

ia
l D

ist
an

ce
 in

 E
xo

ba
se

 R
ad

iu
s

ζ

Ro

ζ

Ro

ζ

Ro

ζ

Ro

ζ

Ro

ne ζ( )
n0

nex ζ λ0, ( )
n0

, 
rho ζ( )

n0
, 

nex ζ λ0 0.5⋅, ( )
n0

, 
neb ζ λ0, ( )

n0
, 

H2 

D-ring inner edge is at 
 64000 km = 1.06 Ro 



The Ion Drag Fridge 
• Auroral electric fields accelerate ions westward, driving sub-corotation of neutral 

atmosphere 
• Smith et al. (Nature, Jan 2007) showed sub-corotation of thermospheric neutrals at 

polar latitude would drive a lower altitude equator-to-pole circulation 
• This cools the equator 
• The stronger auroral forcing, the 
       stronger the sub-corotation and 
       the stronger the equator-to-pole  
       circulation and its 
       cooling effect. 
• Does this rule out 
      magnetospheric energy  
      as the solution to the gas 
      giant energy crisis? 



The End 
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Data points same as slide 3; blue line is ½ tumble density contour; green line S/C trajectory. 
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Blue line is the nominal adopted 
“1/2”tumble mass density (2.525 e-11 
kg/m3) model drawn at 5 degree intervals, 
although the actual tumble density with 
rotating atmosphere is (8.0 e-11 kg/m3).  
Data points from UVIS stellar later (red) and 
earlier (brown) occultations plus Voyager 
stellar occultations at nominal ½ tumble 
density location with the blue points the 
model location. 

Before 

After 

half tumble density r and z
Latitude  r (km)  r1bar (km) z (km)

17.9 61109.43 59567 1542.432
15.05 61219.13 59752 1467.131

1.79 61833.74 60265 1568.74
-3.21 61850.11 60247 1603.108
-3.31 61833.35 60246 1587.348

-17.97 61096.79 59555 1541.79
-20.3 60785.37 59368 1417.375



Mass density along S/C trajectory vs radial distance (magenta line) and vs latitude 
(brown line).  Blue line is tumble mass density (8 e-11 kg/m3) with rotating atmosphere 
and red line is previous ½ tumble density (2.525 e-11 kg/m3), which I think is the 
nominal adopted ½ tumble density. 

Maximum density = 2.13 e-11 kg/m3 
At -5.6 S, r = 61833 km 

           Minimum radial distance is 61815 km at -7.02 S 
latitude, where the mass density is  1.88 e-11 kg m-3  

1 10 15−
× 1 10 14−

× 1 10 13−
× 1 10 12−

× 1 10 11−
× 1 10 10−

×
61500

61750

62000

62250

62500

62750

63000

20−

15−

10−

5−

0

5

10
Mass Density along Cassini S/C trajectory

Mass density (kg/m^3)

R
ad

ia
l d

is
ta

nc
e 

(k
m

)

La
tit

ud
e 

(d
eg

re
es

)

Znp 2, 

105

Znp 2, 

105

Znp 2, 

105

Znp 4, 

π

180






2.525 10 11−
⋅ 8 10 11−

⋅, ρSCtnp, ρSCtnp, 


	Saturn’s Variable Thermosphere�Part 2
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Summary of Thermospheric Power Sources and Inferred Heating Rates
	Slide Number 6
	Slide Number 7
	Slide Number 8
	THERMOSPHERIC GRAVITY WAVE HEATING
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Saturn Thermospheric Airglow
	H2 Electronic Bands
	Slide Number 16
	Slide Number 17
	H Lyman α 121.6 nm
	Slide Number 19
	Slide Number 20
	Slide Number 21
	He 58.4 nm
	H3+ near-IR bands. 
	Slide Number 24
	The Ion Drag Fridge
	The End
	Slide Number 27
	Slide Number 28
	Slide Number 29

